Abstract I reconstruct the discovery of the Higgs boson by the ATLAS collaboration at CERN as the application of a series of inferences from effects to causes. I show to what extent such diagnostic causal inferences can be based on well established knowledge gained in previous experiments. To this extent, causal reasoning can be used to infer the existence of entities, rather than just causal relationships between them. The resulting account relies on the principle of causality, attributes only a heuristic role to the theory's predictions, and shows how, and to what extent, data selection can be used to exclude alternative causes, even "unconceived" ones.
den" entities. 1 For instance, scientists claim there to be genes, electrons, gravitational fields and so on, and they even claim to have a considerable amount of knowledge about these entities. What methodology, if any, do scientists follow, implicitly or explicitly, to arrive at such claims? How can the philosophy of science account for the scientists' apparently quite successful practice? One possibility is to explain the scientists' procedure by appeal to a hypothetico-deductive method (Hempel 1966 ). On such an account, they assume the existence of the unobservable entity for the sake of the argument and if the implications of this assumption match pertinent empirical findings they think to have good reasons to adopt the hypothesis into their set of fairly well established scientific beliefs. A variant of this account is to say that the scientists proceed by inference to the best explanation. According to this view, they first try to come up with a pool of potential explanations for their empirical findings and then choose the best, or (to speak with Lipton 2004) "loveliest" of them. Inference to the best explanation states that the best explanation is also the most likely to be true or, at any rate, the one that the scientists have the best reasons to believe in.
A shortcoming of both the hypothetico-deductive and the best explanation account is that they heavily rely on the scientists' ability to come up with reasonable hypotheses or potential explanations in the first place. The eventually inferred hypothesis or explanation can only be as close to the truth, or as good to whatever standards you have, as the hypotheses or explanations in the initial pool. In other words, the scientists might be bound to choose the "best of a bad lot" (van Fraassen 1989, p. 143) .
Also, the need for an initial pool of hypotheses or explanations makes the conclusion of this type of inferences crucially depend on the scientists' current knowledge and on their imaginative and creative capabilities. This, in turn, also makes the conclusion of such inferences liable to significant revisions since, as even a cursory look at the history of science may teach us, the scientists' current knowledge indeed often was significantly revised, and I do not see any reason why this should be different just now.
To avoid these shortcomings, we may want to look for alternative methods of inferring unobservable entities-a method, that is, which does not need a fairly articulated pool of initial hypotheses or explanations. The method should then also provide more robust conclusions in the sense that they would be less liable to significant revision. Since several authors have pointed out that causal warrant is often one of the most robust warrants for our scientific claims (Egg 2012; Suárez 2008; Cartwright 1983) , causal inference methods may seem, at first sight, to be good candidates for what we are looking for.
On closer inspection though, it is not so clear whether causal methods can indeed fit the bill. Causal inference methods, be they based on a deterministic or probabilistic account of causation (Baumgartner 2009; Spirtes et al. 1993) , start from data about the presence or absence of certain factors involving certain entities and infer from there which factors are causally relevant for which. For instance, you apply algorithms to determine from a set of statistical or probabilistic dependencies a set of causal dependencies-a causal structure. Or you manipulate certain factors and see how the system under investigation reacts (Woodward 2003) . Clearly, all this presupposes, rather than infers, the existence of the involved entities; otherwise we could not have observed occurrences of the factors, we could not know to have manipulated them, or we could not have gathered statistical data about them.
A special case of the difficulty I try to spell out here is Lipton's problem of "inferred differences". He formulates it thus:
The Method of Difference sanctions the inference that the only difference between the antecedents of a case where the effect occurs and one where it does not marks a cause of the effect. Here the contrastive evidence is not for the existence of the prior difference, but only for its causal role. The method says nothing about the discovery of differences, only about the inference from sole difference to cause. (Lipton 2004, p. 127, emph. in the original) By the method of difference, Lipton says, you can infer for which factors an entity acts as a cause but only once it has been observed to mark a difference between sufficiently homogeneous situations. However, or so I understand Lipton, the observation of the entity already implies the existence of it. The existence of an entity, therefore, enters into the premises of the method of difference rather than into its conclusion. Also, because of the requirement that a difference be observed, the method does not seem to be applicable to unobserved, or even "unobservable", entities. In Lipton's view then, cases where differences have to be inferred, rather than being observed, are beyond the scope of the method of difference. It is in these cases, Lipton claims, that an inference to the best explanation is indispensable. Accordingly, in such cases, the reliance on a potentially "bad" and contingent initial pool of hypotheses or explanations seems unavoidable. Lipton thus raises a challenge to show how the method of difference, or similar causal methods, can be employed to infer differences. More broadly construed, the challenge amounts to provide a method for inferring existence claims without the need of already hypothetically articulating what eventually will be inferred.
Steven Rappaport in 1996, and more recently Raphael Scholl, have taken up Lipton's challenge (Rappaport 1996; Scholl 2015) . Rappaport, on the one hand, argues that John Stuart Mill's method of residues (rather than of differences) is a way of causally inferring unobserved differences. Scholl, on the other hand, notices that, in the important cases, the differences, although not observable in a strict sense, can be detected such that there is no need to infer them on the ground of their providing a best explanation.
In both Rappaport's and Scholl's proposals, the unobserved entities or differences are inferred, or detected, in a "diagnostic" way, that is to say, by an inference from the instantiation of a certain type of effect to an instantiation of one of its types of causes.
However, in their examples, the entity was either observable and eventually observed (like Neptune in the case Rappaport uses), or the entity was, even though unobservable, already known to exist (like the cadaveric matter in the case of Ignaz Semmelweis' investigations into the causes of childbed fever, which Scholl studies). Therefore, Rappaport and Scholl did or need not make clear how the diagnostic inference is supposed to work in a case where the mere existence of the entity has yet to be established (unlike with cadaveric matter) and where no visual observation is possible in any direct sense (unlike with the planet Neptune). Thus, for the case of a thoroughly unobservable entity, Lipton's challenge does not seem to have been met.
Just such a case is provided by the discovery of the Higgs boson in 2012 by the ATLAS and CMS collaboration at the European Organization for Nuclear Research (CERN) in Geneva, Switzerland. I take it that elementary particles, such as the Higgs boson, are paradigm cases of what is usually meant by "unobservable" entities -even for someone who is skeptical about whether such a term is meaningful at all. Also, the Higgs boson is a paradigm case for an entity of which the existence has been, though theoretically expected, a long-standing open question. To establish its existence was one of the aims of the experiments, such as ATLAS, at the Large Hadron Collider (LHC) at CERN. With two publications by the ATLAS and CMS collaborations, following an announcement July 4, 2012, the aim has been achieved to a large extent (ATLAS Collaboration 2012; CMS Collaboration 2012) .
In the remainder of the article, I will reconstruct the discovery of the Higgs boson as a case of a causal inference (Sect. 3). I will argue that the example shows how scientists are able to infer the existence of an unobservable entity without relying, hypothetically, on the prior assumption of its existence. I will end with a discussion of the possible consequences of such an account (Sect. 4).
As the title of my article indicates, I will not depart completely from Rappaport's and Scholl's more or less explicit proposals to see a diagnostic inference at work. Rather, my aim is to show how a suitable causal inference, similar to the ones they propose, can be made without already presupposing the existence of the entity in question and without the possibility of an eventual visual observation.
Diagnostic causal inferences
Before proceeding to the study of the case of the Higgs discovery, I will state the problem I intend to address and give an outline of my proposed solution to it in a framework of causal reasoning. To a large extent I presuppose a regularity theoretic account of causation such as the one described in Graßhoff and May (2001) , Graßhoff (2004), and Baumgartner (2008) . Such an account is appropriate and promising in particular because of its "lightweight analytical toolbox" (Baumgartner 2013, p. 85), its match with "pre-theoretic intuitions" (Baumgartner 2008, p. 328) , and its track-record of application in illuminating historical case studies (e.g., Nickelsen and Graßhoff 2011; Graßhoff and May 2003) . In particular, my account of the Higgs discovery heavily relies on the principle of causality. Other than that, however, my analysis and interpretation does not depend significantly on the particular causal approach taken.
The principle of causality states that no type of effect is instantiated when no one type of its causes is instantiated as well. The slogan is "no effect without a cause". Note that this is logically independent of the principle of determinism, in particular, the principle of causality does not imply the principle of determinism. Even if the same cause is not always followed by the same effect, it may be the case that no effect occurs without any of its causes. Indeed, I will not need to rely on a principle of determinism, and leave open the question whether deterministic quantum theories, such as Bohm's (1952a, b) , can be empirically adequate for elementary particle processes. Also I cannot show that, and how, the basic attractive features of a regularity theoretic account of causation can be saved if the principle of determinism failed. Suffice it to say that one will probably have to formulate the regularities on the level of statistical averages rather than individual instances of event types. In fact, all this does not have to be worked out for the present purposes, because I will only rely on the assumption that any type of effect is only instantiated when one of its types of causes is instantiated as well (i.e. the principle of causality). And this can hold true even if the principle of determinism fails.
On the basis of the principle of causality, if you observe or otherwise establish the instantiation of a type of effect for which no known type of cause is instantiated, you can infer the existence of a hitherto unknown type of cause for this type of effect. Otherwise, an effect would have been instantiated without an instantiation of one of its types of causes, and the principle of causality would be violated.
I submit that such an inference constitutes by itself already an essential part of the Higgs discovery, which I will discuss below (Sect. 3). Through a sophisticated procedure of data selection, the ATLAS researchers are able to find a set of events that is very unlikely to be caused by the known particles. In other words, the probability of instantiation of that set of events given the "null hypothesis", which says that only the known causes are operating, is very low. 2 Ideally, the researchers would find a set of events for which it is impossible, rather than only improbable, to be caused by the known causes. But due to practical limitations and quantum mechanical indeterminism, there is always a non-vanishing probability that the selected events are caused by the known particles after all. However, consensus nowadays has it that the discovery claim is justified if that probability is no greater than of order 10 −7 . This corresponds to a statistical deviation from the mean value of the expected number of events brought about by the known processes of more than five standard deviations, or "five sigma".
Moreover, the principle of causality licenses diagnostic causal inferences. Suppose you know the causal relevance of a certain type of event (the cause) for another type of event (the effect). Suppose further that all other types of causes for this effect are not instantiated in the situation under consideration. You can then infer the instantiation of the particular type of cause from an instantiation of the type of effect.
For my present purposes, successful diagnostic inferences have to solve two main difficulties-one rather theoretical, the other rather practical. Let us start with the practical difficulty. While the inference from the exclusion of the instantiation of all but one type of cause, together with the principle of causality, to the instantiation of the remaining type of cause is valid, it may seem, in practice, almost impossible to exclude the alternative causes. In particular, a successful diagnostic inference does not only need the exclusion of known alternative causes but of unknown, and even "unconceived" ones as well (cf. Stanford 2006) .
While the practical difficulty is a rather general one, the theoretical difficulty is more directly related to the main problem I intend to address in the present article. The theoretical difficulty is that, when it comes to infer the existence of unobservable entities, it seems unreasonable to demand that we already know what effects the unknown entity can have. After all, to establish a causal relevance relation means to apply the method of difference, probabilistic algorithms, or interventional methods or the like. But, as mentioned in the Introduction (Sect. 1), these methods presuppose the existence of the entities involved.
It turns out, I believe, that the two problems, the practical and the theoretical one, have basically the same solution. The way out of the apparent impasses is to distinguish causal relevance relations of different specificity. The same two entities can instantiate more or less general causal relevance relations. For example, Neptune is causally relevant for Uranus' trajectory insofar as it exerts a gravitational influence on it. But the two entities also instantiate the more general relation that one accretion of matter is causally relevant for another accretion of matter as described by the law of gravitation (cf. Scholl 2015, p. 105 ).
If we believe that it is possible to establish such general regularities by the method of difference or variants thereof (and I think we do) we must consider it sufficient to have applied the method to only a finite (and usually small) number of instances. We cannot observe the consequences of every possible variation of the mass parameter characterizing the accretions of matter, simply because there are infinitely many variations. A finite number of such difference tests must suffice, under sufficiently homogeneous circumstances, to give good reasons to believe in the general causal relevance relation.
In this way we can have at our disposal a causal relevance relation that can be used for a diagnostic causal inference even without presupposing the existence of the entity in question. An entity can, if it turns out to exist, instantiate causal relevance relations even if the method of difference to establish the causal relevance relation was not applied to the entity itself. Instead, using well-known entities, you can establish causal relevance relations that are sufficiently general to be instantiated by the hitherto unknown entity if it turns out to exist. Thus we can use, for a diagnostic causal inference, an established causal relevance relation even for an entity of which we do not even know whether it exists. This solves the theoretical problem considered above.
But the move to more general causal relevance relations also solves the practical problem of excluding alternative causes to a significant extent. There usually are causal relevance relations which are both so general as to not leave any reasonable alternative left and, at the same time, specific enough as to allow for interesting and non-trivial diagnostic causal inferences. In the Higgs case (see Sect. 3), the conservation of relativistic energy and momentum will play the role of such a relation. If the observed effects in the particle detector are classified according to their energy and momentum, virtually the only type of cause, worthwhile considering, consists of events with values of energy and momentum such that, in the transition from cause to effect, these quantities are conserved.
Of course, it is not impossible that even laws and regularities which, at some moment, seemed completely secure turn out to be violated in some cases. The failure of the law of inverse square dependence of gravitational attraction on distance, in the attempt to account for the precession of Mercury's perihelion, is probably a case in point. It might have seemed completely unreasonable, for some time, to consider alternative causes which implied the failure of this law. Yet the cause of the precession, the general theory of relativity tells us, is the delay in the effect of the gravitational influence of the Sun on Mercury, which leads to a slight violation of the inverse square law of gravitational attraction. But I take such cases to be so rare that it is still fair to say that the conclusions presupposing very "low level" regularities, such as energy conservation, are as robust as we can possibly get.
So, by using such a general causal relevance relation that there remains virtually only one worthwhile type of cause, the problem of the exclusion of alternative causes is circumvented. Of course, the price to pay for this is that the conclusions of the resulting inferences are more general than what one may have hoped for. I will take up this issue below (Sects. 3 and 4) where I am going to have a closer look at the case of the Higgs discovery.
Observation of a new particle at the LHC
For the reconstruction of the ATLAS collaboration's discovery, I take as my basis the published article from August 2012 (ATLAS Collaboration 2012), which speaks of the "observation of a new particle" in its title. I will restrict myself to the case of the search for the Higgs boson in reactions leading to a final state consisting of four leptons (4l) through an intermediate state of two Z bosons. I do not pretend to give anything like a comprehensive reconstruction of the episode. Rather, I will argue that the description of the discovery as a causal inference is at least a plausible candidate for an adequate description of such cases. The detailed evaluation of the adequacy of such a description and a thorough comparison to other accounts would need the details of the case study, including unpublished material. All this is beyond the scope of the present article. 3 The ATLAS collaboration divides the search for the Higgs particle into several "channels". Each channel deals with the final states of one of the possible types of decay of the Higgs particle as predicted by the current theory, the Standard Model. As mentioned, I will study the case of the analysis concerned with the predicted decay of the Higgs boson through two Z bosons into four leptons, where a lepton (l) is either an electron, a positron, a muon, or an anti-muon. 4 The first step in this analysis is the establishment of the presence of 4 leptons in the final state of one of the collisions. Their presence is inferred from their characteristic reaction with the different pieces of material in the detector. For instance, the presence 
of an electron is inferred from the fact that a track in the inner detector points to a deposit of energy in the electromagnetic calorimeter. The shape of the deposit must satisfy several further criteria. 5 Similar procedures are followed for the muon and the anti-muon. This is a first instance of a diagnostic causal inference (see Sect. 2). From previous experiments, test runs and material science the researchers know how electrons and muons behave in various types of materials. The researchers can use these established causal relevance relations to infer instances of certain types of causes (the presence of electrons and muons) from instances of certain types of effects (characteristic reactions in the detector material).
Through selection procedures the researchers try to find events such that it is almost impossible that particles other than leptons would have produced the selected reactions in the detector. Data selection thus serves to exclude, as much as possible, alternative causes for certain effects. While an initial set of events (corresponding to the largest box in Fig. 1 ) may have been caused by instantiations of many different types of events (Y 1 , Y 2 , Y 3 , Y 4 , and 4l, see Fig. 1 ), a subset (corresponding to the smallest box in the figure) of the initial set of events will usually have much fewer plausible causes (Y 4 and 4l).
However, there are practical and theoretical limits to the exclusion of alternative causes through data selection such that, even for the final selection of events, the instantiation of some alternative types of causes (Y 4 ) cannot be excluded completely.
In practice the detector can only resolve so much of a difference in energy deposit or other characteristic quantities. Therefore, there will usually be a certain fraction of the selected reactions that will not be caused by leptons but instead by photons, hadronic jets, or other particles that behave similarly to leptons. Also, it is practically impossible to suppress the influence of unspecified or unknown "disturbing" factors such as faulty material, mechanical stresses, uncontrollable discharges in the apparatus etc. In this sense, photons and hadronic jets (or other events) may "look" like leptons, and they are erroneously identified as such in the analysis.
The theoretical limits to the exclusion of alternative causes are due to the fact that the quantum mechanical reactions of the particles with the detector material are often not deterministic. The number of events caused by a certain type of cause may fluctuate, even under ideal circumstances, relative to the cause's average behavior. Therefore, the type of effect that is normally caused only by a specific type of cause (the leptons) may be caused by other causes (involving other particles) in some instances. In these instances, the diagnostic inference from the effect to the normal cause again misidentifies other particles as leptons.
At any rate, the ratio as well as its fluctuation of such misidentified events can be estimated, at least in principle, from the results of previous experiments, test runs and knowledge of material science. The reaction of the detector material to the presence of the leptons does not depend on the particular circumstance that they might be produced by a Higgs boson. The researchers can use well-known reactions, such as the production and decay of a Z boson into leptons, to investigate the way in which the leptons and the detector material interact and how often the detector misidentifies photons and hadronic jets as leptons. The well-known reactions produce a sufficiently broad spectrum of leptons such as to calibrate their reaction with the detector material even for the energies at which they will, most of the time, occur if they are to be produced by the decay of a Higgs boson. For instance, on average, the final state leptons from a Higgs decay will have a higher energy than those coming from wellknown reactions. But even in the well-known reactions (at lower energies) do the kinematics allow final state leptons with energies as high as those which often occur in the hypothetical Higgs decays. 6 The situation is illustrated by the lowest two levels of Fig. 2 . The selected reactions, "4l", in the material of the detector, the "traces" of the leptons as it were, are most often indeed caused by the passage of four leptons, 4l. But a certain fraction of this type of reactions is caused by photons, γ , hadronic jets, or disturbing factors. Misidentified events are one source of so-called "reducible background"; I will discuss other sources below.
Once the presence of electrons and muons is established (apart from a certain amount of misidentification), the central part of the Higgs search in this channel begins. The Standard Model predicts the decay of the Higgs boson into four leptons, 4l, through an intermediate state of two Z bosons, one of them possibly virtual, Z ( * ) . 7 To find reactions with four leptons in the final state which resulted from such an intermediate state, Z Z ( * ) , several selection criteria are applied, among them the requirement that one of the pair of leptons has a total mass roughly around the nominal mass, 91 GeV, of the Z boson, i.e. between 50 and 106 GeV (ATLAS Collaboration 2012, p. 3).
It is, however, again possible that reactions in which the four leptons are produced in other ways than through the decay of a Z Z ( * ) pair also pass the selection criteria, see the middle part of Fig. 2 . Like misidentification, these reactions are part of the "reducible background" as it is called by the physicists. At this stage of the analysis, the reducible background consists of reactions that end in final states with almost the tt Hγ jets ZZ ( * ) 4l Z + jets "4l" Fig. 2 Causal pathway, including the most important alternative causes, from the newly discovered particle (which may be the Standard Model's Higgs boson) to the reactions in the detector material that are supposedly caused by four leptons resulting from the decay of the Higgs boson. The arrows denote the causal relevance relation "is one of the causes for". H denotes the presence of the newly discovered particle,a quark pair contained in the colliding protons, Z a Z boson (one of the gauge bosons of the electroweak interaction), Z ( * ) a possibly virtual Z boson, t a top quark,t an anti-top quark, jets are hadronic jets, l denotes the presence of a lepton, γ the presence of a photon (light-quantum) same characteristics than the sought-for final states from the Higgs decay. It mainly comes from intermediate states consisting of a Z boson plus hadronic jets or a pair of top and anti-top quarks (tt).
Again the procedure can be interpreted as a diagnostic causal inference where alternative causes are excluded, as much as possible, through data selection. Also, it is again possible, at least in principle, to estimate the average fraction (including its fluctuation) of selected events caused by the remaining alternative causes using only the experimentally well confirmed part of the Standard Model such as its statements about the decay rates of Z bosons, hadronic jets, and tt pairs into four leptons. Although the average energies of these reactions at the energies of a hypothetical production of a Higgs boson are higher than the average energies in the known processes, the reactions in question take place at sufficiently high energies sometimes also in the known processes. And even if this is not the case, I think it is fair to say that the general causal relevance relations, as described by the Standard Model, are sufficiently well and systematically established experimentally at lower energies such that the extrapolation to higher energies is as safe as one can hope.
The final step in the justification of the observation of a new particle decaying into four leptons is again, on my account, a diagnostic causal inference. This time the researchers infer the existence of a new particle and one of its most characteristic parameters, its mass. Through data selection the researchers now try to find a certain number of events that is highly unlikely to have been produced by any of the known causes or disturbing factors. If they succeed they can already infer, on the basis of the principle of causality, the likely existence of an unknown cause, which, however, would be completely unspecified.
To infer the slightly more specific claim that a new particle with a certain mass (and integer spin, i.e. a "boson") exists, the researchers can use well established causal relevance relations such as the conservation of energy, momentum and mass (and spin) in particle decays. First of all, the events that are highly unlikely to have been caused by known causes are still instances of a type of event "presence of certain configuration of known objects such as electrons, muons, photons, and hadronic jets". Also, in previous experiments, the causal relevance relation has been sufficiently established that particles with a certain mass will decay, if they decay at all, into other particles and quanta (e.g. photons) such that the relativistic total energy and momentum is conserved. For all we know and can reasonably expect, also the Standard Model Higgs boson, which supposedly is involved in processes of mass generation (via the "Higgs mechanism"), will instantiate such a causal relevance relation. However, the more detailed the specification of the type of cause gets the more alternative causes for the effect have to be taken into account. For instance, the particle involved in the cause may share the properties like mass and spin with the hypothetical Standard Model Higgs boson but may not be involved in processes of mass generation.
The researchers can either rely on more specific regularities and thus make their discovery claim more specific but also more liable to the possibility that alternative causes were at work, or rely on more general regularities and thus arrive only at a more general discovery claim but one that is less liable to the possibility of alternative causes. At this point, the researchers have to strike a pragmatic balance between the two possibilities. In my view, they tend to commit themselves to rather general claims and thus to exclude virtually any serious alternative. If pressed hard, I imagine the researchers would even acknowledge that they have just found "something" with such and such mass, whatever it may be exactly. This is less than one might hope, especially when one is interested in processes of mass generation, but has the distinct advantage of circumventing any serious challenge of unconsidered, or even unconceived, alternatives.
Another problem the researchers have to deal with at this stage is that, even in principle, because of quantum mechanical superposition, it cannot be excluded that some of the selected events are caused by the known particles. Physicists speak of "irreducible background" in such a case. According to the well-confirmed part of the Standard Model, Z Z ( * ) pairs can be produced directly from the collisions of the quarks contained in the proton beam, see the uppermost part of Fig. 2 . But, as with reducible background, the fraction of those events, and the statistical fluctuation of that fraction, can, at least in principle, be estimated using the well-confirmed part of the Standard Model even if the previous experiments only reached lower energies, or produced the reactions in question at sufficiently high energies only at a low rate. Previous experiments on direct production of Z Z ( * ) pairs have confirmed the Standard Model's description of it, including its dependence on the energy of the reaction, such that an extrapolation to higher energies is warranted. 8 In this way, the researchers are able to present a selected sample of events of which it is highly unlikely that the known particles have caused them all. The principle of causality then justifies the inference to the likely existence of an unknown cause for some of those events. The subsumption of the selected events under a type of effect of the well established causal relevance relation, described by the law of energy conservation, further allows the inference of the mass of the unknown cause (presumably a particle). Since the types of events that are used for the diagnostic causal inferences are hypothetical effects of the Standard Model's Higgs boson, the researchers conclude, in addition, that the characteristics of the new particle are compatible with those of the Higgs boson. 9 4 Summary and discussion 4.1 Causal inference to unobservable entities I have described an important part of the reasoning from data that justifies the recent discovery of a new particle at the Large Hadron Collider at CERN as a series of diagnostic causal inferences. That is, from the instantiation of certain types of effects, the researchers infer the instantiation of certain types of causes. My main aim was to show how the researchers can infer the existence of an unobservable entity by methods of causal reasoning. The main challenge consisted in showing how the methods of causal reasoning can be employed without presupposing the existence or presence of the entity.
The challenge can be met to a significant extent by realizing, first, that the principle of causality alone allows for the inference to an unknown cause of certain observed effects even without knowing any causal relevance relations; second, that causal relevance relations between relatively general types of causes allow for interesting diagnostic causal inferences. Such general causal relevance relations are reasonably believed to be instantiated by the entity in question, if it turns out to exist, even though the causal relevance relation had to be established without the knowledge of the entity's existence.
On the resulting account, causal reasoning can be used to infer hitherto unknown unobservable entities to the extent to which they are construed as instantiating wellestablished, albeit rather unspecific, causal relevance relations such as the conservation of mass, charge, and spin.
In conclusion I will sketch some of the likely consequences of my account of the Higgs discovery. They concern interpretational problems of quantum theories, the role of theoretical predictions, the function of data selection, and the problem of unconceived alternatives.
Causality in particle physics
The principle of causality plays a key role in my account of the Higgs discovery, both when it comes to the inference of the existence of some unspecified unknown cause as well as when it comes to the more specific claim that there exists an object with such and such mass. However, elementary particle processes fall in the domain of the quantum theory of fields, which shares virtually all interpretational problems of quantum mechanics, in particular the difficulties associated with the notorious violation of John Bell's inequality by empirical data (Bell 1964) .
The empirical violation of the inequality forces us to give up at least one of the very basic principles characterizing scientific theories, and the principle of causality is one of them (see, e.g., van Fraassen 1982) . If, for my account of the Higgs discovery, I need the principle of causality in a way that it must be valid for Bell inequality violating phenomena, then I will be led to an interpretation of quantum mechanics that gives up one of the other involved principles, such as "locality", i.e. the requirement that causes and effects must be spatio-temporally close to each other. 10 However, this is a route many other authors are willing to take anyway (see, e.g., Maudlin 2011; cf. Wüthrich 2014) .
Another possible conclusion to draw from the tension between my account of the Higgs discovery and the interpretational difficulties of quantum mechanics is that elementary particle physics, though concerned with quantum theoretic phenomena, seems to be sufficiently "classical" such that any violation of the principle of causality that may be present in quantum processes does not manifest itself at the level of the reasoning of the experimenters. This could be the case because, for the discovery of new particles through diagnostic causal inferences, temporal sequences ("decay chains") rather than correlations of space-like separated events are the relevant configurations. And since correlations of space-like separated events are typically the only configurations where Bell's inequality or similar constraints are violated, the researchers who are trying to discover a new particle need not typically deal with such processes, in which the principle of causality may not be valid.
The role of theoretical predictions
To the extent to which the ATLAS Collaboration only infers the existence of some new object consistent with the properties of the Higgs boson as postulated by the Standard Model, that postulate has only a heuristic role in the discovery of the new particle. The researchers use this piece of theory to choose the channels and energy ranges in which to search for a new particle. The evidential role, however, of this piece of theory is nil if the discovery is interpreted as a diagnostic causal inference based on previously established experimental knowledge. On such an interpretation, the diagnostic causal inferences that the ATLAS collaboration used to justify the discovery of a new particle would be equally well warranted had no theoretical prediction of a new particle been put forward.
Such an interpretation, it seems to me, is at least compatible with the way the ATLAS collaboration expresses their results, even now, more than two years after their "observation of a new particle" (ATLAS Collaboration 2012). Although they do refer to "Higgs boson production" in the title of some of their recent articles (ATLAS Collaboration 2013 , 2014 , passages in the body of the articles hardly suggest more than consistency of their measurements with what can be deduced from the Standard Model. 11 At any rate, the parts of the Standard Model that describe the production and decay of the known particles are relied upon heavily, even on my account, in the justification of the observation of the new particle. They, together with statistical methods, are used, on my account, to estimate how often alternative types of causes, i.e. the "background", produce the selected events and what fluctuations in this number we should expect. Yet, the parts of the Standard Model that are used for this purpose need not be seen as part of a theory which is tested or confirmed by the discovery experiment. Rather I take them to encapsulate, in a systematic way, the empirical knowledge gained in previous experiments and allow, at least in principle, this knowledge to be extrapolated to regions in the relevant parameter space that have not been attained in the previous experiments.
Given the extreme complexity of the analysis procedures of the ATLAS collaboration, it is difficult to determine whether, in fact, their procedures at some point presuppose the theoretical postulate of the Higgs boson's existence, and I consider this an open question. I dare to claim here that, at least in principle, they do not need such a presupposition.
The function of data selection
The interpretation of the Higgs discovery as a diagnostic causal inference shows why data selection is a necessary and, usually, a legitimate procedure. The selection of data is the means to find a set of events which is very unlikely to have been produced by the known causes. The researchers apply selection criteria on a given initial set of events (see Fig. 1 ) in order to arrive at a subset of events which do not have the characteristic properties of events caused by the decay of known particles. The selection criteria are chosen on the basis of the knowledge of the characteristic behavior of the known particles, and it is a legitimate goal of the researchers to arrive at a set for which the probability to be caused by the known particles, i.e. the probability given the "null hypothesis", is particularly low.
All care must be taken, however, in the estimation of that probability. In the past, several controversies arose about the question whether this had been done correctly given the respective selection criteria (see, e.g., Staley 2004; Franklin 1998) . These cases bring to the fore potentially problematic aspects of data selection, which have to be taken into account in order to perform the necessary exclusion of alternative causes through data selection in a justified and legitimate way.
The problem of unconceived alternatives
The problem of unconceived alternatives (Stanford 2006 ) is circumvented, on my account, by interpreting the ATLAS collaboration's discovery claim as of such general nature that it leaves no worthwhile alternatives left. On my reading of the collaboration's publications they do not make more specific claims about the nature of the newly discovered object than what can be concluded from well-established and general causal relevance relations involving conservation of quantities such as energy, momentum, charge and spin. The fit of the experimental findings with more specific theoretical predictions commits the collaboration to hardly more than a consistency claim.
The price to pay, if you wish to call it like that, for this way of dealing with unconceived alternatives is that the experiment did neither test the Standard Model, nor increase its probability, nor otherwise raise its status, over and above the fact that the ATLAS collaboration's findings are compatible with the theory. But such an interpretation of the collaboration's discovery claim seems compatible with their way of expressing themselves and shows how and to what extent the discovery of an unobservable entity can be achieved by causal reasoning.
